Abstract: Conjugated linoleic acid is a mixture of positional and geometric isomers of linoleic acid with two conjugated unsaturated double bonds at various carbon positions in the fatty acid chain. An increasing interest on CLA is attributed to its potential health benefits such as anticarcinogenic, antiatherogenic, antidiabetic and antiadipogenic effects. More than a dozen isomers of CLA are present in ruminant fat. Of the two isomers known for their physiological importance, c-9, t-11 is the most prevalent one comprising 80 to 90% of total CLA in food products from ruminants, whereas t-10, c-12 is present in small amounts at 3-5% of total CLA. Sequences in the biohydrogenation of dietary unsaturated fatty acids leading to the biosynthesis of CLA in the rumen from linoleic acid and in the mammary gland from t-11 C by ) desaturase have been 18:1 -9 reviewed. Understanding the mechanisms involved in the biosynthesis of CLA will allow us to design feeding strategies for enhancing the concentration and output of CLA in milk and meat so we can derive the potential health benefits associate with it.
Introduction
Conjugated linoleic acid (CLA) is a mixture of positional and geometric isomers of linoleic acid (c-9, c-12 C , 18:2 LA) with two conjugated unsaturated double bonds at various carbon positions in the fatty acid (FA) chain. Each double bond can be cis or trans, but those with one trans double bond are bioactive (Jensen, 2002) . It is formed as an intermediate during the biohydrogenation of LA to stearic acid in the rumen by Butyrivibrio fibrisolvens (Kepler et al., 1966) and other rumen bacteria (Kritchevsky, 2000) or from the endogenous conversion of t-11 C (transvaccenic acid, TVA), 18:1 another intermediate of rumen biohydrogenation of LA or linolenic acid LNA) by the ) -18:3 9 desaturase enzyme in the mammary gland Griinari and Bauman, 1999 ). An increasing interest on CLA is attributed to its potential health benefits such as anticarcinogenic, antiatherogenic, antidiabetic and antiadipogenic effects (Banni et al., 2003; Belury, 2003; Kritchevsky, 2003; Pariza, 1999) . Its role on vitamin A metabolism (Carta et al., 2002) , bone modeling (Watkins et al., 2003) and immune response (Cook et al., 2003) has also been reported. Of the two physiologically important isomers ( Fig. 1) , c-9, t-11 is the most prevalent one comprising 80 to 90% of total CLA in food products from ruminants, whereas t-10, c-12 is present in small amounts at 3-5% of total CLA (Parodi, 2003) . Ruminant feedstuffs typically contain relatively small amounts of lipids. Forages and concentrate feeds both contain esterified FA. While forages contain mostly phospholipids and glycolipids, plant seeds used a s concentrate feeds mostly contain triglycerides. While LNA is the predominant FA in forages, it is LA that predominates concentrate feeds. Some seeds and oils such as peanut, rapeseed, palm oil, etc. contain cis-C 18:1 as the major FA and those of marine origin are high in FA of 20 or 22 carbons. When dietary FA reaches the rumen, it is extensively modified by rumen bacteria with the help of a full complement of lipases hydrolyzing triglycerides, phospholipids, and glycolipids. Enhancing the C LA content in milk and meat from ruminants depends largely on the understanding of sequential processes involved in the biohydrogenation of dietary unsaturated FA in the rumen and how such processes could be modified to enhance CLA and TVA output from the rumen by manipulating the animal diet. This is first of the two reviews on CLA synthesis and its content and enhancement in milk and meat through manipulation of animal diet. The objective of this review is to provide an overview on the history of CLA, biohydrogenation of unsaturated FA leading to its synthesis in the rumen, and its endogenous synthesis in ruminants and nonruminants, wherever possible.
History of milk fat CLA: It was probably Booth et al. (1935) who for the first time established the presence of conjugated FA in milk fat. They reported that when cows were turned out to pasture after winter, the FA of milk fat showed greatly increased absorption in the ultraviolet region at 230 nm. Moore (1939) later concluded that absorption at 230 nm was the result of two conjugated double bonds. Jasperson (1941, 1945) suggested that conjugated unsaturation occurred with polyunsaturated FA of 18 carbon chains. Bartlett and Chapman (1961) found a constant relationship between trans-C and conjugated unsaturation in a large 18:1 number of butter samples as determined by differential infrared spectroscopy, which prompted them to suggest a sequence of reactions that would help explain the t-10, c-12 CLA biohydrogenation of LA in the rumen. Riel (1963) showed a 2-fold increase in milk fat conjugated dienes during summer when cows were grazing on pasture compared with winter when cows were fed total mixed rations (TMR). Parodi (1977) subsequently determined that the conjugated double bonds were c-9 and t-11 of C ( Fig. 1 ). Conjugation at other positions was found 18:2 later.
Biosynthesis of CLA:
As pointed out above, Parodi (1977) first established c-9, t-11 octadecadienoic acid as t he major CLA component in bovine milk fat. However, Kepler et al. (1966) (Wolff, 1995) that prompted Enser et al. (1999) to conclude that CLA synthesis occurred in the rumen only. However, CLA is now accepted to have two different origins in the rumen and endogenously in the tissues.
Synthesis in the rumen: Reiser (1951) noticed that the body fats of ruminants possessed less LNA than horses on the same high LNA diet and suspected something to have happened in the rumen. He incubated LNA in rumen fluid and demonstrated the formation of trans FA in the rumen (Reiser, 1951) . Utilizing rumen contents from fistulated sheep grazing pasture, Shorland et al. (1955) confirmed the existence of trans FA as a result of rumen biohydrogenation. Shorland et al. (1957) also showed that conjugated dienoic acids accumulated when LA was incubated with rumen contents, but not when LNA was incubated with it. Subsequent work (Ward et al., 1964; Wilde and Dawson, 1966) further confirmed the formation of an array of C FA with varying 18 degrees of unsaturation and positional isomerization, including conjugated dienes. In a classic experiment, Kepler and Tove (1967) showed the production of c-9, t-11 CLA from LA by B. fibrisolvens. When the same bacteria was incubated using LNA as the substrate, c-9, t-11, c-15 C was produced, which 18:3 later was found to be hydrogenated to TVA (Harfoot and Hazlewood, 1988) . No c-9, t-11 CLA was formed from LNA. The biohydrogenation of LA and LNA occurs in a similar manner. The first reaction in LA biohydrogenation is the isomerization where the double bond at carbon-12 position is transferred to carbon-11 position forming c-9, t-11 CLA. It is followed by the rapid hydrogenation of cis-9 bond leaving TVA. Both these steps are carried out by group A bacteria, while the last step of biohydrogenation of oleic to stearic acid is carried out by group B bacteria (Harfoot and Hazlewood, 1988) . The enzyme responsible for the conjugation of cis-9, cis-12 double bonds was identified as linoleic acid isomerase (EC 5.3.1.5). It is a particulate enzyme bound to the bacterial cell membrane (Griinari and Bauman, 1999) and demonstrates an absolute substrate requirement for a cis-9, cis-12 diene system and a free carboxyl group (Kepler et al., 1970) , found in both LA and LNA. Similarly, the LNA is first isomerized at cis-12 position to form c-9, t-11, c-15 C , which is then reduced at both the cis 18:3 bonds to produce TVA. The final step is similar to that of LA. A common intermediate during the biohydrogenation of LA and both " and ( LNA was found to be TVA (Harfoot and Hazlewood, 1988) . Its reduction appears to be r ate limiting in the complete biohydrogenation o f unsaturated C fatty acids resulting in the accumulation 18 of TVA in the rumen (Keeny, 1970) . This is the predominant pathway of rumen biohydrogenation of LA and LNA and is given in Fig. 2 . Subsequently, a productprecursor relationship between TVA and CLA was observed both in vitro and in vivo (sheep) with increasing concentrations of LA in the diet (Noble et al., 1974) . Noble et al. (1974) also observed that biohydrogenation of LA derived from triglyceride followed a different pathway from that presented as free acid. With a low fiber diet, however, a change in transoctadecenoic acid profile of milk occurred and trans-10 octadecenoic acid became the predominant transoctadecenoic acid in milk fat (Griinari et al., 1998) . This led Griinari and Bauman (1999) to propose another pathway for the ruminal synthesis of t-10, c-12 CLA ( Fig.  3 ) involving bacterial c-9, t-10 isomerase with the formation of a t-10, c-12 double bond as the first step in the process. The c-12, t-11 isomerase from B. fibrisolvens can hydrogenate t-10, c-12 octadecadienoic acid ( Kepler et al., 1966) , thus producing t-10 octadecenoic acid. It has been shown that more than 50% of the LA was converted to t-10, c-12 isomer of CLA and only 10% was converted to t-10 octadecenoic acid by anaerobic Propionibacterium isolated from mouse cecum (Verhulst et al., 1987) . Another rumen bacteria Megasphaera elsdenii YJ-4 have also been shown to produce t-10, c-12 isomer of CLA (Kim et al., 2000) . The t-10, c-12 isomer was formed from LA but not from either of the LNA as was the case with c-9, t-11 isomer of CLA. It is not clear whether t-10 octadecenoic acid i s desaturated at cis-12 position to produce t-10, c-12 isomer in the rumen or in some other tissues endogenously. Recently, Mosley et al. (2002) have shown in vitro that oleic acid also forms several trans- Griinari and Bauman, 1999 kept largely in confinement and are fed a TMR diet contain higher proportion of oleic acid that may find containing 50% conserved forage and 50% concentrate. practical applications for enhancing the milk fat CLA and This is an area where further research is warranted. TVA from dairy cows and possibly other ruminants. From South-Asian point of view, rapeseed, peanut and palm Endogenous synthesis: While the origin of CLA from LA seeds and oils, which are readily available and less expensive, have greater implications for enhancing milk fat CLA. Pathways for the synthesis of other isomers of CLA have not been elucidated in detail. Rumen pH has an important role in maintaining a viable rumen environment suitable for B. fibrisolvens involved in the biohydrogenation of LA and LNA. It has been shown that ruminal pH at 6.0 or above has a positive effect on TVA and CLA contents in rumen cultures (Troegeler-Meynadir et al., 2003; Martin and Jenkins, 2002) . It is of higher importance in high yielding dairy and beef animal diets where large amounts of grain are included in the diet and thus decrease the rumen pH below 6.0. Other than its positive effects on B. fibrisolvens, how rumen pH affects overall biohydrogenation of unsaturated FA of 18, 20 or 22 carbons in the rumen in relation to CLA and TVA has not been investigated in detail. It has been shown that CLA could be increased by supplementing TMR diets with feed sources such as fish oil or marine algae (Schizochytrium sp.), which are rich in 20 or 22-carbon FA (Franklin et al. 1999; Donovan et al., 2000) that do not yield either CLA or TVA during biohydrogenation in the rumen. The mechanism b y which supplementation of fish oil or marine algae increases concentration of milk fat CLA and TVA is not clear. It has been proposed that the longer chain polyunsaturated FA from fish oil inhibit the complete biohydrogenation of C in the rumen by inhibiting the 18:2 growth of bacteria responsible for hydrogenating TVA or through the inhibition of their hydrogenases (Griinari and Bauman, 1999) leading to an increased escape of TVA from the rumen. Further research is needed on the pathway for rumen biohydrogenation of longer chain poly-unsaturated FA from fish oils and other FA sources of marine origin to clearly define the mechanisms involved in enhancing CLA and TVA contents in food products from ruminants. Water buffalo is the species of choice for milk production in South Asia. It is also used for producing meat in many parts of the sub-continent. However, literature on the CLA c ontent of milk and meat from this important species of animal is very limited not only in this part of the world, but also elsewhere where it is domesticated for various purposes. These animals are raised more on subsistence type of farming in most of South and South East Asia, where rice/wheat straw may be the only forage available with little supplementation of grains and/or oil cakes. The process of rumen by B. fibrisolvens in the rumen was accepted, it was not sufficient to account for all the CLA present in milk or meat. Furthermore, Banni et al. (1996) found that lactating sheep grazing pastures with no supplemental LA produced a high level of c-9, t-11 CLA in milk fat. The puzzle as to why the milk fat showed greatly increased absorption in the ultraviolet region when cows were turned out to pasture, even though the pastures are high in LNA and not LA, continued to intrigue the scientists. The mystery got murkier when supplementation of fish oil, which is high in polyunsaturated FA of 20 or more carbons and does not produce c-9, t-11 CLA or TVA as the intermediate during biohydrogenation, also increased c-9, t-11 CLA content in the milk of cows (Chouinard et al., 1998) . Given these findings, Griinari and Bauman (1999) came to the conclusion that ruminal synthesis of CLA was only marginal and could not account for the amount of CLA present in milk and meat from ruminants. Overall these findings suggested that the CLA formed during the biohydrogenation of LA in the rumen was not the only source and that another source needed to be explored. Based on the observations by Holman and Mahfouz (1981) and Pollard et al. (1980) , who described desaturation of trans monoenes to cis, trans C , it was 18:2 proposed that CLA could be synthesized endogenously from TVA by ) -desaturase (Parodi, 1994) . Earlier, 9 Bartlett and Chapman (1961) have also shown a close linear relationship between trans-C and conjugated 18:1 dienes in butter samples (n = 300). Griinari and Bauman (1999) proposed that a major proportion of CLA in tissue and milk lipids originated from endogenous synthesis by ) -desaturase, activity of which is higher in the 9 mammary gland. Griinari et al. (2000) subsequently examined the potential for endogenous synthesis of CLA by infusing TVA abomasally and measuring the changes in milk fat CLA. By day 3, it resulted in a 31% increase in milk fat CLA, indicating that an active pathway for endogenous synthesis existed in the mammary gland. They also infused sterculic oil, which contains sterculic acid and malvalic acid that are potent inhibitors of ) -9 desaturase , abomasally t o lactating cows and showed that it not only decreased CLA concentration in milk fat by 45%, but also decreased other ) -desaturase products in milk fat such given in Fig. 5 . It appears that the relationship of c-9, tdesaturase are the two primary prerequisites. The ) -11 CLA with TVA is better under dietary conditions that desaturase enzyme is active in ruminant adipose favor the higher concentrations of c-9, t-11 CLA and TVA tissues (Porter, 2003; St. John et al., 1991) , their mRNA in milk (Khanal, 2004) or meat (Poulson, 2001) . It is not is well expressed Cameron et al., surprising given the fact that a minimum of 64% (Griinari 1994) , and increased concentrations of tissue fat CLA et al., 2000) to a maximum of 100% (Kay et al., 2002) have been reported with increased concentrations of of c-9, t-11 CLA have been estimated to be synthesized TVA (Madron et al., 2002) . A high correlation (r = 0.84) de novo.
was observed between tissue fat concentrations of CLA Griinari et al. (2000) also showed that the contribution of and trans-C (Poulson, 2001) , suggesting that a endogenous synthesis to the overall CLA content in milk substantial amount of CLA might be synthesized fat was 64%, making it the primary source. Later, Lock endogenously. Detailed analysis of beef fat and Garnsworthy (2002) estimated rumen output of CLA demonstrated the similar range of isomers and the in nonlactating cows and then extrapolated the results to predominance of c-9, t-11 CLA as observed for milk fat lactating cows on the basis of feed intake. They (Fritsche et al., 2000) . Based on ratios of TVA to c-9, t-11 estimated the endogenous synthesis of CLA to be >80% CLA in duodenal flow and adipose tissues, Gillis et al. of the total. Piperova et al. (2002 Piperova et al. ( ) collected duodenal (2003 estimated that over 86% of c-9, t-11 CLA in beef samples and estimated rumen synthesis of CLA to be 4 fat is originated from desaturation of TVA. Moreover, the to 7% and the rest derived through endogenous increase in forage level from 12 to 36% in beef steer synthesis. Kay et al. (2002) even estimated 100% of CLA diets increased the duodenal flow of TVA linearly without to be derived from endogenous synthesis. It is not altering the flow of c-9, t-11 CLA . surprising, considering the fact that the amount of CLA It suggested that endogenous desaturation of TVA to c-9, detected in the blood serum of cows is none or very t-11 CLA increases with the increased proportion of small (Khanal et al., 2002; Loor et al., 2002a) . It is forage in the beef cow diets. possible that a higher proportion of CLA is synthesized
In other ruminants, information on the proportion o f endogenously in cows fed all pasture diets compared rumen and endogenous origin of CLA is limited. with cows fed grains, oil seeds, or oils, because LNA, However, the fact that increased CLA content in lamb which is high in fresh pastures, does not produce CLA meat (Bolte et al., 2002) and goat milk fat (Chilliard et al. , as the intermediate product during its biohydrogenation 2003) was associated with high TVA contents indicates in the rumen. However, all these studies used a n that post ruminal synthesis could be the predominant indirect approach to estimate the CLA synthesized one. LeDoux et al. (2002) have shown that TVA is the endogenously and it may be over or underestimated predominant trans-C in goat milk and has similar under different feeding regimens. A direct approach, proportions of trans isomers of C to that present in which may be difficult, is probably needed to measure bovine milk fat. A very high correlation (r = 0.99) of CLA the actual uptake of CLA and its incorporation into milk with TVA in goat milk fat (Chilliard et al., 2003) suggests fat by the mammary gland to estimate the mammary that mammary synthesis predominates over rumen synthesis of CLA more accurately. Estimation of TVA synthesis of CLA. Noble et al. (1974) have shown a entering and leaving the mammary gland and its amount product-precursor relationship of CLA with TVA in the in milk fat will provide further insight into the mammary sheep rumen, suggesting that TVA accumulated in the synthesis of CLA.
rumen could be used for post-ruminal synthesis of CLA, No similar investigations have been reported t o which might be more important quantitatively than its establish the importance of endogenous synthesis of ruminal synthesis. There was a concomitant increase in CLA in the body fat of ruminants. It could be speculated TVA in plasma triglycerides of sheep (Noble et al., 1974) , that the contribution from endogenous synthesis i s which could potentially be utilized by the mammary ) -similar to that reported for milk fat because TVA and ) -desaturase for increased synthesis of CLA in milk fat. Information about the synthesis of CLA in water buffalo and constitutes 3 to 16% of total CLA in milk fat seems to be very limited. (Yurawecz et al., 1998) . Corl et al. (2002) 
suggested its
Source of other CLA isomers: Several other trans-C in the mammary gland by ) -desaturase. Piperova et al. 18:1 are found in rumen digesta, and milk and tissue lipids (2002) also concluded that almost all t-7, c-9 CLA (Ward et al., 1964; Wilde and Dawson, 1966; Piperova et present in milk fat was produced postruminally. The t-7, al, 2002) . However, the pathways presented in Fig. 2 and c-9 CLA is also the second most prevalent isomer of 3 do not account for all of them. It has been proposed CLA in beef fat, representing 8 to 15% of total CLA that double bond migration results in the production of (Fritsche et al., 2000) . Its endogenous synthesis in the these trans-C FA during enzymatic biohydrogenation body fat is not investigated in any greater detail, but 18:1 by anaerobic rumen bacteria (Shorland et al., 1957) . It could be expected to be similar to that of c-9, t-11 CLA has also been proposed that ruminal bacteria possess since both of them are associated with the activity of the several specific cis, trans isomerases that help produce same enzyme. a wide range of trans-C FA in milk, meat or rumen.
18:1
Results finding several isomers of CLA in milk fat CLA synthesis in non-ruminants: Santora et al. (2000) (Piperova et al., 2002) support this theory. The origin of have shown that TVA is desaturated to CLA when pure these several isomers of CLA is undoubtedly the rumen TVA was fed to mice and that conversion of TVA to CLA and their further reduction in the rumen would produce occurred presumably in adipose tissue even though the a range of trans-C FA mentioned above. However, site of fat synthesis in non-ruminants is the liver, not 18:1 theory of double bond migration leading to a wide range adipose tissues. Banni et al. (2001) demonstrated that of trans-C FA is not studied in detail.
feeding rats with increasing amounts of TVA resulted in 18:1
Unlike c-9, t-11 CLA, no detailed studies have been a progressive increase in tissue CLA concentrations. conducted to study the endogenous synthesis of other Corl et al. (2003) showed that conversion of dietary TVA isomers of CLA, including t-10, c-12, probably because to CLA resulted in a dose-dependent increase in the many of them contribute 0.05% or less in milk or meat accumulation of CLA in the mammary fat pad of rats. fat a nd their biological significance has not been There was a high correlation between tissue established. Piperova et al. (2002) detected several of concentrations of TVA and CLA in liver, plasma and them in the duodenal fluid and the quantities were mammary fat pad of rats fed varying concentrations of greater in rumen fluid than in milk fat. Information is TVA and CLA , suggesting that limited as to the effect of diet and other factors on the endogenous synthesis of CLA occurred using TVA as milk or meat fat contents of these minor isomers of CLA, the precursor. In lactating mice fed dietary except probably on t-10, c-12 and t-7, c-9 isomers. supplementation of TVA, Loor et al. (2002b) showed an Increased production of t-10 C and t-10, c-12 CLA in increased amount of CLA in blood, plasma, milk and 18:1 the rumen have been associated with an increased tissue lipids. The CLA concentration in liver and carcass content of these intermediates in the milk fat of lactating of the pups suckling these mothers was also higher. cows, and is implicated in reduced milk fat content Greater concentrations of CLA in mammary tissue and . The t-7, c-9 CLA is quantitatively milk fat of lactating mice fed TVA might have been the second most important CLA present in ruminant fat related to increased activity of ) -desaturase in the synthesis to be almost exclusively of endogenous origin 9 9 mammary tissue, but not in liver (Loor et al., 2002b) , Banni, S., E. Angioni, E. Murru, G. Carta, M.P. Melis, D. suggesting adipose tissue to be the major site for the bioconversion of CLA from TVA. Palmquist and Santora (1999) observed similar results in mice where TVA was desaturated to CLA mainly in adipose tissues but not in liver. Synthesis of CLA from TVA has been shown to occur in humans (Adolf et al., 2000) and several species of bacteria derived from the human intestine can synthesize CLA (Coakley et al., 2003; Alonso et al., 2003) . However, the amount of CLA synthesized endogenously or from intestinal bacteria is not estimated in humans or other non-ruminants. Given the fact that humans or other non-ruminants do not have any appreciable amount of bacteria in their digestive system indicates that endogenous synthesis could be the only appreciable source. Synthesis of CLA in other monogastric herbivores is not reported. It needs to be verified whether the CLA content in poultry and pigs is merely the result of feeding ruminant products such as meat and bone meal, blood meal, etc., or whether they can actually synthesize CLA, because investigators have detected very little or no CLA in chickens (Raes et al., 2002; Yang et al., 2002; Chin et al., 1992) and swine (Chin et al., 1993) .
Conclusion:
The presence of more than a dozen isomers of CLA in the milk and body fat of ruminants is associated with the bacterial biohydrogenation o f unsaturated FA in the rumen. Of all the isomers, c-9, t-11 is the major one comprising 80 to 90% of total CLA followed by t-7, c-9 comprising 3 to 16% of the total. The t-10, c-12 isomer, though important physiologically, is present in amounts of 3 to 5% of the total CLA. Although c-9, t-11 isomer originates as an intermediate during the biohydrogenation of LA in the rumen, its major source is the endogenous conversion of TVA by ) desaturase in -9 the m ammary gland and possibly adipose tissues. While the t-10, c-12 isomer of CLA is produced only ruminally, t-7, c-9 isomer is produced only endogenously by the same enzyme that converts TVA into c-9, t-11 CLA in the mammary gland. Several other isomers of CLA present in very small amounts in milk and tissue fat of ruminants probably have their origin in the rumen. Other than the dairy cows, information on the synthesis of CLA in the rumen and mammary gland/tissue fat in other species of ruminants is very limited.
